Carbon black is chemically modified by selective photocatalytic oxidation, removing amorphous carbon and functionalizing the graphitic fraction to produce porous, graphitized carbon black, commonly used as an adsorbent in chromatography. In contrast to pyrolytic treatments, this photocatalytic modification proceeds under mild reaction conditions using oxygen, nitric oxide, water vapor and a titanium dioxide 
Carbon black is chemically modified by selective photocatalytic oxidation, removing amorphous carbon and functionalizing the graphitic fraction to produce porous, graphitized carbon black, commonly used as an adsorbent in chromatography. In contrast to pyrolytic treatments, this photocatalytic modification proceeds under mild reaction conditions using oxygen, nitric oxide, water vapor and a titanium dioxide photocatalyst at 150 C. The photo-oxidation can be performed both with the photocatalyst in close proximity (contact mode) or physically separated from the carbon. Structural analysis of remotely photooxidized carbon black reveals increased hydrophilic properties as compared to pyrolysis at 700 C in a N 2 atmosphere. Carbon black photo-oxidation selectively mineralizes sp 3 -hybridized carbon, leading to enhanced graphitization. This results in an overall improved structural ordering by enriching carbon black with sp 2 -hybridized graphitic carbon showing decreased interplanar distance, accompanied by a twofold increase in the specific surface area. In addition, the photo-oxidized material is activated by the presence of oxygen functionalities on the graphitic carbon fraction, further enhancing the adsorptive properties.
Introduction
Carbon black (CB) represents a family of carbon powders produced on a large scale (over 12 million tons per year). 1 Its structural properties, particle size and porosity, strongly depend on the primary feedstock and manufacturing process (thermal decomposition). Feedstocks primarily include oil, coal or natural gas. Next to its main application as a black pigment and electrical conductor, CB serves as an excellent reinforcing ller in tires and other rubber products because of its mechanical, chemical and electrical properties.
1,2 CB is generally described as large agglomerates of graphitic and amorphous carbon aggregates consisting of spherical primary particles (Fig. 1) . A distinguishing property is the carbon atom hybridization, where sp 2 -hybridization is characteristic of the graphite fraction, while sp 3 -hybridized carbon typically reects the amorphous hydrocarbon fraction.
3 CB particles, with sizes ranging from 10 to 100 nm, [3] [4] [5] consist of a rather amorphous core and quasi-crystalline shell with graphitic carbon stacks.
5-7
The carbon particles are oen described as onion-like structures held together by van der Waals forces. 8 These graphitic nanocrystallites typically exhibit turbostraticity, i.e. large structural disorder as a result of rotational misalignment. The coexistence of a disordered carbon fraction alongside ordered carbon led to the classication of CB as an intermediate between amorphous and crystalline carbon materials.
3,5
Many applications require modication of pristine carbon black. Graphitized carbon black (GCB) is, for example, a widely used adsorbent offering large external surface area with excellent homogeneity and purity. This adsorbent is mainly suitable for selective purication processes in chromatography. Unfortunately, the production of GCB by thermal treatment of CB in anoxic conditions is energy intensive due to the required high temperatures. [12] [13] [14] This has motivated research to increase the energy efficiency, for example, by catalytic or pressure induced graphitization. Though more sustainable, these processes still require fairly high temperatures (600-2500 C) or pressures (0.5-5 GPa).
15-18
In this work, low-temperature photocatalytic oxidation is presented for chemical modication of CB. This ultraviolet (UV) light driven process is compared to a classical thermal treatment of CB. Titanium dioxide (TiO 2 ) materials are specically known for their excellent photocatalytic activity in the decomposition of organic compounds. 19, 20 For automotive applications, TiO 2 -based photocatalysis has been studied for complete oxidation of CB into carbon dioxide at temperatures as low as 150 C. 21, 22 While photo-oxidation is too slow for practical application in diesel particulate lter regeneration, TiO 2 photocatalysis could be of interest for CB activation. Surface oxidation of CB, for example by acidic and electrochemical treatment, renders it as an active catalyst for the water and alcohol oxidation reactions. 23 Many studies on photocatalytic mineralization of carbon materials by UVilluminated TiO 2 show the involvement of airborne oxidant species. These gas phase oxidants, photogenerated by TiO 2 , allow a remote oxidation at distances over 2 mm. [24] [25] [26] [27] [28] [29] [30] Structural carbon modications underpinning the photocatalytic oxidation were revealed using a combination of nuclear magnetic resonance (NMR) and Raman spectroscopies, X-ray diffraction (XRD) and transmission electron microscopy (TEM). The carbon black morphology and porosity have been investigated using scanning electron microscopy (SEM) and nitrogen physisorption. Energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS) were particularly useful for revealing the structural and elemental composition.
Experimental section

Materials
Printex U carbon black (Degussa, now Orion Engineered Carbons) is a synthetic carbon produced from natural gas.
31 It has a primary particle size of around 30 nm, specic surface area ranging from 100 to 141 m 2 g À1 and a volatile organic compound fraction of 5 to 6 wt%. The carbon and oxygen contents are about 90 and 8 wt%, respectively.
21,31-33
CristalACTIV™ PC-500 TiO 2 (Cristal), an almost pure anatase phase ($99.0 wt%), was used as the photocatalyst. This TiO 2 material has a specic surface area of approximately 350 m 2 g À1 and a primary particle size of about 10 nm. CB and TiO 2 were slurried by magnetic stirring in isopropanol (Fisher Scientic) at 400 rpm for 15 minutes, at concentrations of 0.71 and 7.1 g L À1 respectively.
Photocatalytic oxidation
Photocatalysis experiments were carried out using a custommade, heated, at rectangular photoreactor with internal volume of 82 cm 3 , sealed at atmospheric pressure by a borosilicate glass cover plate. Constant temperature during photoreaction is obtained by the stainless steel thermostatic support with temperature control (Fig. S1 †) . The at photoreactor was illuminated from the top by UV light with a wavelength of 368 nm (Plus Lamp™, 15 W). Gases (alpha gas 1: O 2 and NO, N 2 and H 2 (for leakage test)) were fed into the photoreactor through Teflon™ tubes using mass ow controllers (Bronkhorst) (see Table  S1 † for specications). Water vapor was added to the gas ow by a thermostatic saturator. The reactor outlet gases were diluted with N 2 carrier gas and transferred on-line to autocalibrated gas analyzers (ABB) for NH 3 , NO and NO 2 (UV detector), and CO, CO 2 and N 2 O (NDIR detector), ensuring quantitative analysis.
The conguration of the TiO 2 and CB layers in the photoreactor is presented in Fig. 2 . Two different modes of operation were used, either with TiO 2 in close proximity of carbon black (Fig. 2a) , referred to as contact mode, or with TiO 2 physically separated from the carbon layer (Fig. 2b) , denoted as remote mode.
For contact mode photo-oxidation, 430 mL of the TiO 2 and CB suspensions were pipetted layer-by-layer on a glass support, with an intermediate drying step at room temperature. CB was pipetted on top of the dried TiO 2 with a CB : TiO 2 weight ratio of 1 : 10. Supported lms were further dried in an oven at 150 C for at least 1 h. In contact mode, UV front irradiation was used, allowing suitable access for Raman scattering, SEM, TEM-EELS and EDS experiments of the treated CB. Contact photo-oxidation was not analyzed by NMR spectroscopy, XRD and nitrogen physisorption due to the carbon-TiO 2 mix. For remote photo-oxidation, TiO 2 and CB layers were deposited on different glass supports, separated by 25 mm-thick strips of polyimide to space the reaction (Kapton® HN). The CB : TiO 2 weight ratio was 1 : 5 in remote experiments, that were performed with back UV irradiation to prevent absorption of light by CB. Photo-oxidation experiments were initiated by purging the tubes and loaded photoreactor with dry nitrogen for about 15 minutes while heating to 150 C. A continuous gas ow composed of 21 vol% O 2 , 5000 ppm NO and 1.8 vol% H 2 O, referred to as gas mixture 1, was subsequently sent through the photoreactor in the dark at a rate of 5.4 L h À1 . Batch experiments were performed by closing the photoreactor inlet and outlet valves aer stabilization of the gas concentrations in gas mixture 1, followed by switching on the UV lamp. Eventually, the product gas mixture was analyzed by sending it to the analyzers using nitrogen carrier gas. NO x conversion and N 2 O formation were calculated by the nitrogen atom balance.
Carbon black pyrolysis
Carbon black was thermally treated at 700 C in an inert N 2
atmosphere. The sample was heated at a rate of 1 C min À1 until the set temperature was reached. This maximum pyrolysis temperature was maintained for 5 h, aer which CB was cooled down to room temperature.
Carbon black characterization
NMR experiments were carried out on a Bruker AVIII 500 spectrometer with 1 H Larmor frequency at 500.13 MHz, operating at a static magnetic eld of 11.74 T. Samples possessing the same sample weights were loaded in 1.9 mm zirconia rotors with vespel caps and with bottom and top columns of zirconia powder. Direct excitation 1 H MAS NMR measurements were recorded at a MAS frequency of 40 kHz, using p/2 pulses of 200 kHz and recycle delays of 10 s (32 scans). Spectra were chemical shi calibrated versus TMS, using adamantane as a secondary reference.
Raman scattering experiments were performed on a homemade system using a TriVista™ Spectrometer System with CCD detector from Princeton Instruments. Laser excitation was achieved using the 488 nm (2.54 eV) emission of an Ar + laser, coupled into an optical microscope (IX 71) equipped with an Â20 magnication objective. A laser wavelength of 488 nm was selected to resonantly enhance Raman signals in the carbon materials, with laser powers kept relatively low (<6 mW) to exclude excessive sample heating. All Raman spectra were recorded within the range 600-3100 cm À1 and further analyzed using the Multipeak Fitting 2 package in the Igor Pro soware program. An example of a deconvoluted spectrum is provided in the ESI (Fig. S2 †) . XRD was performed using a STOE Powder Diffraction System (STOE) with Cu Ka radiation (1.54060Å) in the 2q range 0-90 .
Samples were loaded in small capillary tubes. The diffraction patterns were analyzed with the STOE WinXPOW powder diffraction soware. High-Resolution (HR) SEM was carried out on a Nova NanoSEM 450 scanning electron microscope (FEI, Eindhoven). The carbon sample deposited on a small Al plate (before and aer photo-oxidation) was attached to an Al stub with carbon tape, followed by imaging without any further sample modi-cation. For the HR TEM measurement, the carbon samples were prepared by placing a droplet of the colloidal dispersion in isopropanol on a carbon-coated copper grid. TEM micrographs were taken using an ARM200F transmission electron microscope (JEOL) operating at 200 kV equipped with a cold eld emission gun, energy dispersive X-ray detector and Gatan Image Filter (GIF, Tridiem 863 Gatan).
Nitrogen physisorption was performed using a TriStar Surface Area and Porosity Analyzer from Micromeritics. The CB samples were pretreated by heating the powders to 400 C under N 2 atmosphere using the SmartPrep™ Programmable Degas System from Micromeritics. BET surface areas and BJH cumulative pore volumes were obtained by TriStar 3000 soware calculations. The micropore volumes were obtained by t-plot analysis.
Results and discussion
CB photo-oxidation at 150 C using anatase TiO 2 in presence of O 2 , NO x and H 2 O produces carbon oxides (CO x ), while reducing both NO and NO 2 into chemically inert N 2 . Table 1 shows CO 2 and CO production, NO x conversion and N 2 O byproduct formation, during two consecutive photocatalytic runs, starting from 5 mg of CB (CB : TiO 2 weight ratio of 1 : 10). In between the two runs, the headspace of the photoreactor was renewed by gas mixture 1 (21% O 2 , 5000 ppm NO and 1.8% H 2 O). Overall, 30.2% of the initial CB converted into CO 2 (97.7%) and CO (2.3%). Gas analysis aer the second photocatalytic run shows a lower carbon oxidation rate compared to the initial run. This decrease indicates more reactive CB was present at the photo-oxidation onset, as also conrmed by higher NO x conversion in the rst photocatalytic run. Next to a less easy oxidation of amorphous carbon to gaseous CO x , the decreased CO 2 formation in the second run could also be ascribed to an increased formation of stable oxygen functionalities on CB surface. Due to their CB oxidation performance, NO x species are largely reduced into N 2 , but a small amount of N 2 O forms as a photoreaction byproduct (see Table 1 ). In a 72 h control experiment at 150 C in gas under UV light to show the effect of only heat and light. This experiment converted only 2.8% of CB into CO 2 (89.1%) and CO (10.9%). Chemical modication of CB by photo-oxidation can be characterized using 1 H NMR spectroscopy, especially by comparing remotely photo-oxidized CB (CB R72 ) with thermally treated (CB 700 ) and pristine CB (CB). 1 H MAS NMR spectra for these samples, recorded at 40 kHz using a 1.9 mm triple channel MAS probe, are shown in Fig. 3 , before and aer drying in vacuum at 150 C. For these measurements, 1.9 mm zirconia rotors equipped with vespel top and bottom caps were used, packing small columns of zirconia powder at the bottom and top of the rotor to center the carbon samples and avoid contamination of the rotor caps. In the spectra in Fig. 3 , the area highlighted in blue is the rotor background. The region highlighted with green represents water associated with zirconia powder, as has been conrmed with a rotor packed with zirconia powder only. All other resonances result from the presence of water in different environments. The region highlighted in red is assigned to the water clusters associated with the oxidized carbon. This signal is exclusively present in the photocatalytically oxidized sample CB R72 under both humid and dry conditions. The region with purple color is attributed to water trapped between with crystalline carbon fractions, similar to the case of diamagnetic shis of water resonances in literature.
34,35 Fig. 4 illustrates different types of water contained in CB R72 , as derived from the 1 H NMR analysis. The higher water affinity of the photo-oxidized sample as compared to the pristine and thermally treated CB samples could be related to surface functionalization, but also to increased porosity in the sample. This high affinity is evident from the spectra of CB samples in humid and dry conditions. Upon drying however, complete removal of this water fraction was only observed for CB and CB 700 , while only partial removal was observed for CB R72 . In the spectrum of humid CB, also a resonance around 4.7 ppm is observed, representing bulk water. Summarizing, 1 H NMR points towards the photocatalytic formation of CB with oxidized graphitic fraction showing high water affinity. Raman spectra of pristine CB and CB photo-oxidized in contact and remote modes (CB, CB c165 , CB C72 , and CB R72 respectively) are shown in Upon contact mode and remote photo-oxidation, the Raman spectra show a similar spectral evolution for both samples. Comparing the spectra (Fig. 5) , a more ordered quasi-crystalline CB structure can be observed, due to selective removal of amorphous carbon. This results in better resolved D and G bands by the gradual removal of the amorphous carbon band overlapping at 1530 cm À1 . [3] [4] [5] 18, 39, 40 Overall, partial graphitization can be observed from the upward shi of both D and G bands, the decrease in D band width, the more symmetric G band and the overall I D /I G decrease. Higher D and G band frequencies and lower FWHMs are attributed to a higher degree of order in the CBs. 41, 42 Mean Raman parameters for the D and G bands allow quantifying the difference between the materials (Table 2) . While the extent of spectral modication is lower for CB R72 , as a result of the lower photo-oxidation rate at extended distances and the lower CB : TiO 2 weight ratio (1 : 5) as compared to contact photocatalysis, both samples exhibit a tendency towards graphitization.
Graphitization leads to a less asymmetric G band, as indicated by the reduced magnitude of the ExpTau values in Table 2 . ExpTau describes the exponential decay of the exponentially modied Gaussian functions, so the larger the magnitude, the faster the decay and the more asymmetric the G band shape. Aer an extended photo-oxidation time, the graphitic CB fraction gradually becomes oxidized as can be seen from the continuous decrease in G band full width at half maximum (FWHM) and the I D /I G increase from 2.4 to 2.7 for CB C165 . The gas analysis results (supra), on the one hand, indicate the partial graphitization occurs by conversion into CO 2 and CO through the strong oxidative effect of cO 2 À , NO x radicals and cOH. An electron paramagnetic resonance (EPR) spectroscopy study showed the presence of the oxygen free radicals in similar reaction conditions. 43 On the other hand, the strongly reduced CO 2 formation at almost constant NO x conversion during the second run, conrms the gradual oxidation of graphitic CB (Table 1) . Further structural changes such as crystallinity and interlayer distance are resolved from X-ray diffraction, as shown in Fig. 6 . In the diffraction patterns, two reections can be observed at respectively, 24.1 and 43.1 degrees 2q. The most intense reection (at. 24.1 2q) arises from X-rays diffracted by the (002) graphitic planes in the CB. 3, [44] [45] [46] The second corresponds to the (100)/(101) reections of the graphitic fraction of CB. Upon remote photo-oxidation the (002) diffraction peak becomes sharper, conrming the removal of amorphous carbon and gradually increasing contribution of graphitic carbon. Additionally, the (002) peak shis towards higher angles, implying a reduction in interplanar distance (d 002 ). Note that this inter-plane spacing in pure graphite is 3.35Å as compared to 3.5 to 3.7Å in the present samples. 47 Selective mineralization of the amorphous carbon causes the transition of the turbostratic graphitic-like crystallite structure into more perfectly ordered ABA stacking of graphite layers. A similar decrease in d 002 spacing was also observed by Asokan et al., upon treating CB with microwave irradiation.
44
SEM analysis (Fig. 7) reveals the morphology of pristine and oxidized CB by both contact and remote photocatalysis. Photo-oxidized CB particles have become smaller and are less spherical in shape. CB C72 (Fig. 7e and f) consists of smaller, elongated, carbon structures relative to CB R72 shown in Fig. 7c and d. Contact photocatalysis has the most dramatic effect on the nanoparticles size and shape, due to the higher photooxidation rate. The larger void spaces in CB C72 and CB R72 , highlighted at lower magnications (Fig. 7e and c) , also illustrate the conversion of solid carbon fractions into gaseous CO x by the selective carbon mineralization. The observed effect on the outer appearance of CB is however rather subtle since many spherical particles are still intact. Apart from the uniform particle size reductions and slight particle deformations, CB photo-oxidation mainly affects the internal chemical structure as observed by NMR, Raman and XRD analyses. As seen in Table 3 , nitrogen physisorption indicates a CB porosity change resulting from the gas-assisted photooxidation, as suggested by 1 H NMR and SEM. A large increase in BET specic surface area from 146 m 2 g À1 to 277 m 2 g À1 is measured aer the remote photo-oxidation in gas mixture 1 at 150 C. This porosity increase is partly caused by a larger number of micropores. Selectively removing the amorphous carbon from otherwise graphitic CB nanoparticles leads to a larger microporous volume, covering almost completely the increase in cumulative pore volume. These microporous volumes are determined using t-plot nitrogen adsorption isotherms (Harkins and Jura), shown in the ESI (Fig. S4 †) . Additionally, the increase in specic surface area is assumed to be due to the decreasing particle size and larger gaps between the particles upon photo-oxidation, indicated by SEM. 1, 48 The CB surface area is nearly doubled due to the remote photocatalytic treatment, which causes many small pores and interparticle gaps. Therefore, graphitic CB fractions become more accessible by the removal of conjunctive amorphous carbon and increase of total void fraction, shown in Fig. 7 . Note that a porous CB with relatively higher graphitic carbon content is of great scientic interest for adsorbent applications. Strong evidence for the oxygen functionalization of the graphitic carbon is further provided.
The structural and chemical analysis of the different CBs is summarized in Fig. 8 by means of TEM, EELS and EDS. In the HR TEM images, graphitic carbon structures with curved and facetted sections can be seen in all samples with interplanar spacing strongly varying between 0.3 nm and 0.43 nm. EELS spectra conrm the sp 2 -type graphitic structure with the presence of the characteristic peaks at 285 eV and 290 eV corresponding to transitions to the p* and s* orbitals (Fig. 8a) . The sharp p* peak at 285 eV, which is characteristic of sp 2 -hybridized carbon, is the highest for the CB-contact sample and the lowest for the CB-reference, conrming the increased graphitization degree aer photocatalytic oxidation. However, it has to be noted that the EELS were taken not from one specic carbon particle but from a larger area in order to limit the irradiation damage. Therefore, the Ti-and O absorption edges are also visible in the CB-contact sample. Carbon materials are well known to be strongly sensitive to electron irradiation, in particular, at a high acceleration voltage due to the knock-on displacement of carbon atoms. 49, 50 Therefore, a quantitative comparison of the carbon structure is difficult.
Upon contact and remote photocatalytic treatment, samples exhibit oxygen signals at 532 eV (see inset of Fig. 8a ), which are absent in the CB-reference sample, demonstrating the photooxidation effectiveness. In the CB-contact sample, the oxidation also becomes visible in the EDS chemical map (Fig. 8b) : at the location of carbon nanoparticles (red in the ltered C-map) a trace of oxygen can be seen whereas Ti-is absent. The line-scan across the carbon nanoparticles indeed conrms the presence of oxygen due to effective oxidation. C for 72 h with gas mixture 1. 
Conclusions
The amorphous carbon fraction present in carbon black is selectively mineralized using oxidative TiO 2 photocatalysis in O 2 , NO x and H 2 O. Photocatalytic CB oxidation is performed by either physical contact or by remote photocatalyst control. In contrast to CB pyrolysis, the carbon is chemically modied at low temperature through this photocatalytic treatment. Easily oxidizable and refractory carbon fractions of CB react differently via the gasassisted photocatalytic oxidation. A partially graphitized CB with high water affinity is obtained by preferentially removing the disordered sp 3 -hybridized carbon over the graphitic sp 2 -hybridized carbon fraction. The graphitic carbon product is activated by strongly increased porosity and oxygen functionalization due to the selective oxidation process. Photo-oxidation causes furthermore a size reduction of the elementary CB particles, and a shape change from spherical to slightly elongated. Photo-oxidation with anatase TiO 2 offers an eco-friendly way of selectively removing the amorphous CB fraction, while functionalizing the graphitic carbon. The nal porous CB enriched with oxidized graphitic carbon fractions could potentially serve as adsorbent material or be used in catalyst applications. From a materials perspective, remote photo-oxidation offers an easy and powerful avenue toward the production of activated CB.
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